Daily rhythmic processes are coordinated by circadian clocks, which are present in numerous central and peripheral tissues. In mammals, two circadian clocks, the food-entrainable oscillator (FEO) and methamphetamine-sensitive circadian oscillator (MASCO), are "black box" mysteries because their anatomical loci are unknown and their outputs are not expressed under normal physiological conditions. In the current study, the investigation of the timekeeping mechanisms of the FEO and MASCO in mice with disruption of all three paralogs of the canonical clock gene, Period, revealed unique and convergent findings. We found that both the MASCO and FEO in Per1
Daily rhythmic processes are coordinated by circadian clocks, which are present in numerous central and peripheral tissues. In mammals, two circadian clocks, the food-entrainable oscillator (FEO) and methamphetamine-sensitive circadian oscillator (MASCO), are "black box" mysteries because their anatomical loci are unknown and their outputs are not expressed under normal physiological conditions. In the current study, the investigation of the timekeeping mechanisms of the FEO and MASCO in mice with disruption of all three paralogs of the canonical clock gene, Period, revealed unique and convergent findings. We found that both the MASCO and FEO in Per1 
/Per3
−/− mice are circadian oscillators with unusually short (∼21 h) periods. These data demonstrate that the canonical Period genes are involved in period determination in the FEO and MASCO, and computational modeling supports the hypothesis that the FEO and MASCO use the same timekeeping mechanism or are the same circadian oscillator. Finally, these studies identify Per1 T emporal processes are controlled by circadian clocks, which produce self-sustained oscillations in physiology and behavior with endogenous periods of ∼24 h that can be synchronized to environmental cues such as the light/dark cycle and food availability. Circadian studies have traditionally focused on the master clock in the suprachiasmatic nuclei (SCN), and more recently on peripheral oscillators such as those in liver and muscle. Two extra-SCN oscillators, the food-entrainable oscillator (FEO) and methamphetamine-sensitive circadian oscillator (MASCO), have been defined on the basis of circadian behavioral rhythms induced by food and methamphetamine, respectively, but these remain "black box" mysteries because their anatomical loci are unknown and their outputs are not expressed under normal physiological conditions (1) (2) (3) (4) .
Recent studies of the FEO and MASCO have suggested that they use a molecular timekeeping mechanism that is distinct from other circadian oscillators because they function when the canonical circadian genes are disrupted (5-11; see also refs. 12, 13) . Because only two paralogs of the Period gene, Per1 and Per2, are necessary to generate circadian rhythms in the SCN, previous studies concluded that the FEO and MASCO are "noncanonical" clocks in part because they are functional in Per1 −/− / Per2 −/− mice (5, 6) . Although the third Period paralog, Per3, is not usually considered a functional component of circadian clocks, we recently demonstrated that Per3 participates in period determination in certain peripheral circadian oscillators (14, 15) . We hypothesized that Per3 may also be a constituent of the FEO and MASCO and/or could be compensating for the loss of functional PER1 and PER2, therefore necessitating analyses of the FEO and MASCO in Per1 −/− /Per2
−/− /Per3 −/− mice. The current study of the FEO and MASCO in Per1
−/− mice revealed unique and convergent findings. Though we confirmed the previous finding that the MASCO is rhythmic when the canonical clock genes are disrupted, we found that the Period genes are, in fact, involved in determining the periods of the FEO and MASCO. Furthermore, both the FEO and MASCO had similar and unusually short periods, suggesting that they may be the same oscillator or that they use the same timekeeping mechanism.
Results

Per1
−/− MASCO Is a Circadian Oscillator with a Short
Period. We first generated Per1 −/− /Per2
−/− /Per3 −/− mice congenic with the C57BL/6J strain and found that their wheel-running activity appeared rhythmic in the light/dark cycle, with activity beginning ∼2 h before lights off in 12 h light/12 h dark (12L:12D; Fig. 1 and Fig. S1 ) and ∼5 h before lights off in 18L:6D ( Fig. 2 and Fig. S4 ), but their daily rhythms of activity were abolished in constant darkness [similar to other circadian mutant mice ( Fig.  1B and Fig. S1 ); the wild-type wheel-running activity rhythm is shown in Fig. 1A for reference]. These data suggest that the light/ dark cycle can drive rhythmicity in the SCN (alternatively, the light/dark input could drive rhythmicity in another brain region associated with masking, but we will refer to it as the SCN rhythm herein for ease of discussion) in Per1 −/− /Per2
mice, but the SCN rhythm is abrogated in constant darkness.
To determine if the MASCO is functional in the absence of all functional PERIOD, we administered methamphetamine (0.005% in drinking water) to Per1
−/− mice in constant darkness ( Fig. 1D ; the SCN rhythm is dampened in constant darkness as shown in Fig. 1B and Fig. S1 ). After several days of methamphetamine treatment (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
−/− mice examined exhibited short (∼21.5 h) methamphetamine-induced wheel-running activity rhythms ( Fig. 1D and Fig. S2B ). The Per1
−/− MASCO rhythm (n = 6) was significantly shorter than the >24-h wheel-running activity rhythms observed in wild-type mice (n = 3) administered methamphetamine (t = 5.9, P < 0.001; Fig. 1C and Fig. S2 A and C ). These data demonstrate that although the MASCO is rhythmic when all Period paralogs are disrupted, functional PERIOD nonetheless participates in the period determination of MASCO.
The locomotor activity rhythm in wild-type rodents during short-term treatment with methamphetamine represents the integrated outputs of the SCN and MASCO, suggesting that the two oscillators are coupled (3, 16, 17) (Fig. 1C and Fig. S2A ). However, during long-term exposure to methamphetamine in a 24-h light/dark cycle, the MASCO rhythm dissociates from the SCN-controlled activity rhythm in wild-type mice (1, 17, 18) (Fig.  1E and Fig. S3A ; the MASCO rhythm dissociates from the SCN- 
/Per2
−/− /Per3 −/− mice, we administered methamphetamine (0.005%) to mice maintained in the light/dark cycle (18L:6D; Fig. 1F and Fig. S3B ). We found that the MASCO rhythm did not dissociate from the light-driven SCN-controlled nocturnal activity rhythm during >75 d of methamphetamine treatment (compared with wild-type mice in the same condition in Fig. 1E and Fig. S3A ), but was relatively coordinated to the light-driven SCN rhythm, as evidenced by the irregularity in the onset of activity (Fig. 1F) . The 21-h period of the Per1
−/− MASCO rhythm was observed upon release of the mice into constant darkness ( Fig. 1F ; as in Fig. 1D and Fig. S2B ). Furthermore, the MASCO rhythm appeared to free-run from the phase of activity onset in the light/dark cycle, suggesting that the Per1 
/Per3
−/− mice maintained in light/dark conditions (18L:6D) exhibited daytime food anticipatory activity before food availability. To determine if FEO timekeeping persisted in constant feeding conditions, we assessed food anticipatory activity during fasting after restricted feeding. We found that anticipatory activity returned at the same time of prior entrainment to feeding in Per1
−/− mice in the light/dark cycle. These data suggest that in the light/dark cycle (in the presence of light-driven SCN rhythmicity), the FEO in Per1
−/− mice entrains to the timing of food availability. 
−/− mice exhibited ultradian bouts of activity as well as a long (12-24 h) bout of wheel-running activity. During restricted feeding, locomotor activity was typically consolidated before food presentation, but activity sometimes persisted until food was presented, whereas sometimes activity bouts occurred at various times before food was available (as seen in the group average activity profiles; Fig. S8 A-C) . During food deprivation in the majority of Per1
−/− mice, activity during fasting did not occur at the predicted phase of entrainment to food availability and did not differ markedly from activity observed during food deprivation before restricted feeding (Fig. 3 A and C and Figs. S5-S7 and S8 A-C). From these data, we concluded that the Per1
−/− /Per3 −/− FEO did not entrain to the 24-h cycle of restricted feeding in constant darkness.
−/− FEO Is a Circadian Oscillator with a ∼21-h Period. Our observation that the MASCO period is short in Per1
−/− mice drew our attention to a similar pattern of activity during restricted feeding in these micenamely, some components of the food anticipatory activity of Per1
−/− /Per3 −/− mice displayed a short (∼21 h) period similar to the period of the MASCO rhythm ( Fig. 3 and Figs. S5-S7). χ 2 periodogram analyses of locomotor activity during restricted feeding sometimes detected this ∼21-h period (in addition to the 24-h period; Figs. S5B and S6A), especially in mice fed 4 h/d (Fig. 3D and Fig. S7A ).
This observation led us to hypothesize that the Per1
−/− FEO is a circadian oscillator, but because it has a short (21 h) period, it is unable to entrain to the 24-h cycle of restricted feeding in constant darkness. To test this hypothesis, we performed restricted feeding of Per1
−/− mice on a 21-h cycle in constant darkness (n = 5; Fig. 4 and Fig. S9 ; food was available with a 21-h periodicity; group average activity profiles shown in Fig.  S8D ). Two Per1
−/− mice entrained to the 21-h cycle of restricted feeding and food anticipatory activity also persisted during food deprivation following an intervening day of ad libitum feeding (Fig. 4 A and B) . Two other Per1
−/− mice took several days to entrain to the 21-h cycle of restricted feeding (Fig. 4 C and E) . One Per1
−/− mouse did not entrain to the 21-h cycle of restricted feeding (Fig. 4D) . χ 2 periodogram analyses detected only a 21-h period in the mice that entrained to the 21-h cycle of restricted feeding (Fig. S9 A-C and E ). These data demonstrate that the Per1 
−/− MASCO was coupled to the light-driven SCN oscillator in the light/dark cycle, but free-ran with a short period when the SCN rhythm was dampened in constant darkness. Similarly, the Per1
−/− FEO entrained to a 24-h cycle of restricted feeding when the mice were maintained in the light/dark cycle. However, in constant darkness, the Per1 feeding. We next determined if these experimental observations were consistent with a model where the SCN and FEO/MASCO are coupled oscillators with distinct periods. We analyzed the output of a simple mathematical model, where the SCN and FEO/ MASCO are limit-cycle oscillators forced by the light/dark cycle or by restricted feeding, respectively. For simplicity, coupling between oscillators was set in only one direction, from the SCN to the FEO/ MASCO, disregarding feedback from the latter to the master circadian clock.
Based on our experimental results in Per1 −/− /Per2
mice, the FEO/MASCO was simulated by an oscillator with a free-running period of 21 h, and the SCN was simulated by a damped limit-cycle oscillator. The computer simulation demonstrated that, in constant darkness, the FEO/MASCO free-runs because the SCN oscillator is damped (Fig. 5A ). In the presence of the light/dark cycle, however, the damped SCN is passively driven, thus indirectly affecting the dynamics of the FEO/MASCO with a 24-h periodicity (Fig. 5B ). When this indirect drive is outside the range of entrainment of the FEO/MASCO, it becomes relatively coordinated. When both 24-h light/dark and 24-h restricted feeding inputs are combined, as when daytime restricted feeding (24-h cycle) is performed in the light/dark cycle, the FEO/MASCO is entrained (Fig.  5C ), as this two-zeitgeber system configuration allows stronger entrainment, even when they are in antiphase (19) . If, however, 24-h restricted feeding is the only input, as in constant darkness, relative coordination of the FEO/MASCO is observed (Fig. 5D) . When the periodicity of restricted feeding (21-h restricted feeding) is approximated to that of the free-running period of the FEO/ MASCO (21 h), entrainment of this oscillator is achieved in this complex system.
Discussion
Studies of the FEO and MASCO are challenging because their rhythms are not expressed under normal physiological conditions. Behavioral experiments have demonstrated that both the . Recent studies investigating the FEO and MASCO in circadian mutant mice have raised the possibility that these oscillators do not require canonical circadian genes to maintain their rhythmicities (5) (6) (7) (8) (9) (10) (11) . In this study, we initially sought to investigate the putative noncanonical nature of the MASCO and FEO, and, surprisingly, found that the canonical Period genes participate in period determination in the MASCO and FEO. Relative to the FEO, studies of the circadian properties of the MASCO are technically more feasible. The free-running MASCO rhythm is readily expressed within several days of methamphetamine administration. In mice with disrupted canonical circadian genes, the SCN rhythm is disabled by releasing the animals into constant darkness, thus circumventing the need for SCN lesion. Using this approach, we found that the MASCO period in Per1
−/− mice is unusually short (21.5 h). All previous studies of wild-type and circadian mutant mice have reported MASCO periods >24 h (3, 6, 7). Thus, Per1
−/− mice are unique in that they have a short-period MASCO rhythm.
In contrast to the MASCO, observing the free-running rhythm of the FEO has been nearly impossible. By definition, a freerunning circadian rhythm can only be observed in constant conditions-that is, ad libitum feeding or food deprivation (in SCNlesioned mice in constant darkness) in the case of the FEO. However, the output of the FEO is not expressed under ad libitum feeding conditions and mice cannot survive more than ∼48 h of food deprivation, thus leading to seemingly insurmountable technical difficulties in measuring the free-running rhythm of the FEO. To our knowledge, only one study has reported the observation of a nonentrained FEO rhythm in one SCN-lesioned rat fed on a 23-h cycle (21) . In the current study, we observed the nonentrained FEO rhythm in Per1
−/− mice during restricted feeding on a 24-h cycle in constant darkness. Consistent with the simulations of the mathematical model presented herein, we found that when the light-driven SCN rhythm is damped by release into constant darkness, the Per1
−/− FEO, which has a 21-h period, cannot entrain to the 24-h cycle of restricted feeding, thus allowing the expression of the free-running (or relatively coordinated) FEO rhythm. This finding represents a pivotal advance in our ability to study the timekeeping properties of the FEO, and this technique can be applied to investigation of other circadian mutants as well as wild-type rodents.
The cyclic input that we refer to as the light-driven SCN rhythm could also be conferred if the light/dark cycle drives rhythmicity in a different brain region (other than the SCN). In this sense, the damped oscillator in the model could be replaced by the light/dark cycle zeitgeber and yield the same results. Therefore, though we believe the SCN is a strong candidate for the anatomical locus receiving light input and driving rhythmic behavior in Per1 Previous studies of the FEO in mice with disrupted canonical circadian genes have been inconclusive, in part due to the absence of clear data showing that food anticipatory behavior persists during food deprivation (i.e., in constant conditions) in constant darkness (when the SCN rhythm is disabled) (5, 8, 9, 11) . The finding that food anticipatory activity in Per1
−/− mice entrains to a 21-h cycle of restricted feeding and persists during food deprivation after an intervening day of ad libitum feeding is definitive evidence that the FEO is a circadian oscillator in the absence of all PERIOD. Despite our finding that both the MASCO and FEO are rhythmic in the absence of functional PERIOD, the periods of both oscillators were markedly shortened. These data demonstrate that the canonical Period genes are involved in period determination in the MASCO and FEO.
The MASCO appears to be coupled to the light-driven SCN damped oscillator in light/dark conditions in Per1
−/− mice, because the MASCO rhythm did not dissociate from the nocturnal activity rhythm even after long-term (>75 d) methamphetamine treatment in the light/dark cycle (although the MASCO may be relatively coordinated to the SCN). Similarly, our data show that the food anticipatory activity of Per1
−/− mice entrains to a 24-h cycle of restricted feeding in the light/dark cycle, but not in constant darkness, suggesting that the FEO is coupled to the light-driven SCN. These experimental data are consistent with our mathematical model of coupled SCN and FEO/MASCO limit-cycle oscillators, where the SCN oscillator is light-driven, but damps in constant darkness.
Previous studies have suggested that the MASCO and FEO may be the same circadian oscillator (2, 4, (22) (23) (24) . The current study provides additional evidence supporting this hypothesis. First, the MASCO and FEO in Per1 (males and females) were generated from these breeders. Genotyping for the Period genes was performed as previously described (25, 26) . C57BL/6J wild-type mice were from our breeding colony at Vanderbilt University. The wild-type mouse shown in Fig. 1A is a Per2 +/+ from our previous study (14) . Recording and Analyses of Circadian Behavior. Animals were singly housed in cages (length × height × width: 29.5 × 11.5 × 12 cm) with unlimited access to a running wheel (diameter 11 cm), food (unless otherwise indicated), and water. The cages were placed in light-tight, ventilated boxes in light/dark conditions (light intensity: 200-300 lx) or in constant darkness (as indicated for each experiment). Cages were changed every 3 wk. Wheel-running activity (recorded every minute by computer) was monitored and analyzed using ClockLab (Actimetrics). Normalized activity data were double-plotted in actograms in 5-min bins using ClockLab. Periods were determined by χ each experiment). When multiple periods were detected by χ 2 , fast Fourier transform was used to determine the dominant period.
Methamphetamine Treatment and Analyses. The mice were provided with 0.005% methamphetamine (Sigma) in their drinking (tap) water. χ 2 periodogram analyses were used to determine the periods of the methamphetamine-induced wheel-running rhythms on days 12-33 of methamphetamine treatment (it often took several days for a stable methamphetamine-induced rhythm to be observed). Changes in phases and/or periods of methamphetamine-induced rhythms occurred frequently (both spontaneously and after cage changes), and the days used for χ 2 analyses were altered in these instances (as indicated in figures and legends).
Restricted Feeding and Analyses. Mice were fed LabDiet 5L0D (Purina). Because we previously found that Bmal1 −/− mice must be offered food on the bottom of the cage during restricted feeding to prevent death (11), we placed food on the bottom of the cage and in the hopper during restricted feeding of Per1
−/− /Per2 −/− /Per3 −/− mice. Mice were allowed to eat as much as they desired during the time when food was available. When food was removed, the light-tight box was opened and all food was removed from the wire top and from the bottom of the cage. During restricted feeding experiments performed in constant darkness, an infrared viewer (FIND-R-SCOPE Infrared Viewer; FJW Optical Systems, Inc.) was used to add and remove food from cages so that mice were not exposed to visible light. During ad libitum feeding and food deprivation, the light-tight boxes were not opened to avoid any external cues associated with food availability. During this time, the well-being of the mouse was monitored by assessing wheel-running data collected by computer.
Restricted feeding in the light/dark cycle was performed in 18L:6D because we found in our previous studies that food anticipatory activity was more robust in long photoperiods, and we wanted to provide ideal conditions for observing food anticipatory in our current experiments (11) . Restricted feeding protocols differed slightly for each experiment (as indicated in figures and legends), but the typical protocol was as follows: After a brief period (5-14 d) of acclimation to the wheel-running cage and light-tight box, mice were food-deprived for 48 h to assess activity during fasting before restricted feeding. Statistical Analysis. Statistical analysis was performed using SigmaStat (Systat Software, Inc.). Independent t tests (two-tailed) were used to compare two groups. Significance was ascribed at P < 0.05.
Computer Simulations. SCN and FEO/MASCO oscillators were simulated by coupled Pittendrigh-Pavlidis equations, forced by light/dark (L) or restricted feeding (F), respectively (SI Materials and Methods). In all simulations, L had a 1-h duration and amplitude 1, whereas F had amplitude 0.3 and 1-h duration. A fixed 12-h phase relationship was set between L and F. To attain a damped SCN oscillator, the parameter set values were chosen so as to leave the oscillator out of the self-sustainment domain. Simulations were performed using the CircadianDynamix software (www.neurodynamix.net), which is an extension of Neurodynamix II (28) .
